The spiral ganglion is an essential functional component of the peripheral auditory system. Most types of hearing loss are associated with spiral ganglion cell degeneration which is irreversible due to the inner ear's lack of regenerative capacity. Recent studies revealed the existence of stem cells in the postnatal spiral ganglion, which gives rise to the hope that these cells might be useful for regenerative inner ear therapies. Here, we provide an in-depth analysis of sphere-forming stem cells isolated from the spiral ganglion of postnatal mice. We show that spiral ganglion spheres have characteristics similar to neurospheres isolated from the brain. Importantly, spiral ganglion sphere cells maintain their major stem cell characteristics after repeated propagation, which enables the culture of spheres for an extended period of time. In this work, we also demonstrate that differentiated sphere-derived cell populations not only adopt the immunophenotype of mature spiral ganglion cells but also develop distinct ultrastructural features of neurons and glial cells. Thus, our work provides further evidence that self-renewing spiral ganglion stem cells might serve as a promising source for the regeneration of lost auditory neurons.
Introduction
L oss of sensory hair cells due to hereditary or environmental factors is the most common reason for hearing loss, which affects more than 30% of adults over 65 years of age (http://www.nidcd.nih.gov). In the majority of patients with severe or profound sensorineural hearing loss, hearing can be restored by the use of cochlear implants, which convert sound into electrical signals and thereby functionally replace lost hair cells in the inner ear. Spiral ganglion cells are essential for the process of hearing in the healthy ear as well as in the cochlear-implanted ear because they transmit electrical signals from the cochlea to the brain. Loss of afferent innervation has been observed in mice after exposure to levels of noise that do not damage hair cells 1 and also occurs in human ears. 2 Loss of spiral ganglion cells is also observed as a secondary consequence of hair cell loss especially in patients with long-term deafness. 3 A number of studies have identified factors that protect existing spiral ganglion neurons including neurotrophic factors, antioxidants and electrical stimulation. [4] [5] [6] However, once spiral ganglion cells are lost, the inner ear does not regenerate this cell type. In recent years, various types of stem cells have been proposed as a potential source for replacement cells (for review, see Shi and Edge 7 ). Several research groups have shown that the mammalian spiral ganglion harbors sphere-forming stem cells that can be isolated using a modified neurosphere assay. [8] [9] [10] [11] [12] Spheres were also isolated from the cochlea, 8, 10, [13] [14] [15] [16] [17] [18] [19] [20] the utricle, 8, 10, 21, 22 and most recently from the cochlear nucleus 23, 24 as a method to isolate multipotent stem cells. When this assay is applied to cells of the postnatal spiral ganglion, cells with sphere-forming capacity grow into neurospherelike cell colonies. Further analysis of these sphere-forming cells revealed that they exhibit the distinct features of stem cells: they are self-renewing and can differentiate into cells with some characteristics of the mature cells in the original tissue. [8] [9] [10] [11] [12] Stem cells from the spiral ganglion are therefore considered as a highly promising cellular source to regenerate neural structures of the inner ear. A basic requirement for a future use of spiral ganglion stem cells in animal models or in a clinical trial is a detailed knowledge of the properties of these cells. In this study, we characterize sphere-forming stem cells derived from the spiral ganglion and mature cell populations differentiated from these cells. Since transplantation experiments require the generation of sufficient numbers of stem/progenitor cells in vitro, we were interested in the properties of spheres that were propagated using the neurosphere assay. Our data show that a subset of spiral ganglion-derived sphere cells conserves major characteristics such as proliferative activity and expression of stem/progenitor cell markers even after repeated propagation.
Several studies have demonstrated that specific culture conditions can lead to up-regulation of neuronal and glial markers in cell populations derived from spiral ganglion stem cells. [8] [9] [10] [11] [12] Here, we show that the cells differentiated from spiral ganglion stem cells not only express mature markers but can also develop specific ultrastructural features of neurons and glia. Collectively, our data provide additional evidence for the suitability of spiral ganglion stem cells as a renewable source for the generation of neurons and glial cells.
Materials and Methods

Animals
Early postnatal (P1-3) Balb/c mice ( Janvier Labs, St. Berthevin Cedex, France) were used for our experiments. The Animal Research Committee of the Goethe University of Frankfurt/Main (Germany) approved our procedures which were carried out in accordance with the German guidelines for care and use of laboratory animals (x4(3)).
Isolation, culture and propagation of sphere-forming stem cells from the early postnatal spiral ganglion Mice were decapitated, and the temporal bone was dissected out after removal of the brain and transferred into ice-cold Hank's balanced salt solution (Invitrogen, Carlsbad, CA). The otic capsule was freed from the otic bulla, opened, and removed to visualize the membranous labyrinth of the cochlea. The cochlear duct (organ of Corti, spiral ligament, and stria vascularis) was microdissected from the modiolus where the spiral ganglion resides. For isolation of sphere-forming stem cells, we used a modified neurosphere assay protocol that has been published previously. 18, 22, 25 In brief, spiral ganglia were enzymatically digested in 0.125% trypsin/EDTA (Invitrogen) in phosphate-buffered saline (PBS; Life Technologies, Carlsbad, CA) for 5 min at 37°C. This process was terminated by a cocktail of 10 mg/mL soybean trypsin inhibitor (Worthington, Lakewood, NJ) and 1 mg/mL DNase I (Worthington) in Dulbecco's modified Eagle's medium and Nutrient Mixture F-12 (DMEM/F12; Sigma, St. Louis, MO) followed by trituration with pipette tips (Starlab, Hamburg, Germany) to achieve mechanical dissociation and the use of a 70-lm cell strainer (BD Falcon, Franklin Lakes, NJ) to obtain a homogeneous single cell suspension. The cells were then cultured in poly-HEMA-coated suspension culture six-well plates (Sigma, Greiner Bio-One, Kremsmünster, Austria) in a volume of 2 mL of DMEM/F12 supplemented with N2 (Invitrogen), B27 (Invitrogen), epidermal growth factor (EGF; 20 ng/mL), basic fibroblast growth factor (bFGF; 10 ng/mL), insulin-like growth factor-1 (IGF-1; 50 ng/mL), heparan sulfate (50 ng/mL) (all growth factors were from Sigma-Aldrich), and ampicillin (50 lg/mL; Sigma-Aldrich). For propagation of spiral ganglionderived spheres, spheres were harvested after 3-5 days, mechanically dissociated following enzymatic digestion by treatment with Accumax (PAA Laboratories, Cölbe, Germany), and replated for 3-5 days to allow for formation of the subsequent generation of spheres. Analysis of sphere size was determined by measuring the maximum sphere diameter (d) and the sphere volume was calculated using the formula 1/6pd 3 .
Differentiation of spiral ganglion-derived spheres
Individual secondary spheres were plucked and exposed to differentiative conditions by transferring them to plastic fourwell tissue culture plates (Greiner Bio-One) with a 0.1% gelatin (Millipore, Billerica, MA)-coated surface containing 100 lL of DMEM/F12 per well supplemented with N2 (Invitrogen), B27 (Invitrogen), brain-derived neurotrophic factor (BDNF, 50 ng/mL), NT-3 (50 ng/mL) (both from R&D Systems, Minneapolis, MN), and ampicillin (50 lg/mL; Sigma-Aldrich). Three quarters of the medium were replaced by fresh, prewarmed medium every other day.
Analysis of marker expression (BrdU, Ki-67, Nestin) in sphere cells was done after attachment of the spheres to tissue culture plates. For quantification of Ki-67 expression only cells with a strong nuclear staining were counted. Immunohistochemical and ultrastructural analysis of differentiated sphere cultures was performed after a period of 8-10 days in vitro.
Immunohistochemistry
Cells were washed with PBS, fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) in PBS for 15 min, and incubated with PBT-1 (PBS, 0.1% Triton X-100, 1% bovine serum albumin, 5% heat-inactivated goat serum) for 15 min to permeabilize the cell membranes and block nonspecific binding sites. Next, the cells were incubated with primary antibodies overnight at 4°C. Two washes with PBT-1 and PBT-2 (PBS, 0.1% Triton X-100, 0.1% bovine serum albumin), respectively, were followed by incubation with species-specific, fluorophore-conjugated secondary antibodies for 2 h at room temperature. Cells were washed twice with PBT-2 and counterstained with the blue-fluorescent nucleic acid stain 4¢,6-diamidino-2-phenylindole (DAPI; Invitrogen). For immunodetection of BrdU, cells were exposed to 2 N HCl after fixation. Images of immunostained samples were acquired with an epifluorescence microscope (Axio Imager.M2, Zeiss, Oberkochen, Germany).
Antibodies
We used various primary antibodies in this study to characterize marker expression in spheres and sphere-derived cells 
Scanning electron microscopy
For ultrastructural analysis of whole spiral ganglionderived spheres and differentiated sphere-derived cells, cells were fixed in 2% glutardialdehyde (Merck, Darmstadt, Germany) in PBS for 2 h and dehydrated in a graded ethanol series (25%, 50%, 70%, 95%, 99% ethanol) for 10 min per condition. The cells were then coated overnight with hexamethyldisilazane (Merck), dried, and sputter-coated with Au/Pd with an Agar Sputter Coater (Agar Scientific, Stansted, Essex, United Kingdom). Cells were visualized using a Hitachi S-4500 SEM Cold Field Emission SEM System operated at 5 kV at a working distance of 10-15 mm.
Transmission electron microscopy
Spheres were fixed for 2.5 h in Yellow Fix (2% paraformaldehyde, 0.1 M sodium cacodylate buffer (pH 7.2, 0.02% picric acid) with 2% glutaraldehyde in PBS. The specimens were rinsed three times with 0.1 M sodium cacodylate buffer, fixed for 30-40 min with 1% osmic acid (Carl Roth, Karlsruhe, Germany) and rinsed another three times with 0.1 M sodium cacodylate buffer. Dehydration was carried out by treatment with a graded ethanol series (50%, 70%, 80%, 96%, 100% ethanol, 15 min each and 100%, 100% ethanol, 30 min each) followed by treatment with Xylol (10 min), Epon/Xylol (1:1, overnight), and Epon (4-5 h). Finally, spheres were cured with Epon Resin (Serva, Heidelberg, Germany) at 60°C for 20 h. For orientation, semithin sections (1 lm) were prepared using a Reichert Ultracut S Microtome and stained with Richardson's stain (1% methylene blue and 1% Borax in distilled water, and 1% Azur II in distilled water, mixed 1:1) for 15 sec at 60°C. After this, ultrathin sections were prepared using a Reichert Ultracut S Microtome and stained with 0.5% uranylacetate (30 min) and 0.2% lead citrate (1 min). Sections were viewed with a Zeiss EM 109 transmission electron microscope.
Time-lapse live cell imaging
Time lapse microscopy of differentiating spheres was performed using a Zeiss Observer.Z1 microscope equipped with an incubation system (Temp Module S1, a CO 2 Module S1) and an AxioCam MRm. Images were captured in 15-min intervals over 45.5 h.
Statistics
Data are presented as mean values and standard deviations. Statistical analyses were performed with IBM SPSS Statistics 21 (International Business Machines Corp., Armonk, NY) using a one-way ANOVA followed by Scheffé's post hoc test. Results were considered statistically significant at a level of p < 0.05.
Results
The morphological features of spiral ganglion-derived spheres are strikingly similar to those of neurospheres from the brain
We microdissected the spiral ganglia of early postnatal mice (Fig. 1A-D) and isolated stem cells from this inner ear organ by their ability to form neurospheres. After 3-5 days free-floating spherical clusters formed from single cells in this defined, serum-free suspension culture system. The morphology of the spiral ganglion-derived spheres resembled the appearance of neurospheres that can be isolated from distinct areas of the brain. The spheres consisted of densely packed cells and displayed a round or oval shape and a grape-like structure (Fig. 2B,E,F) . When we screened the surface of single progenitor cells and spheres at high magnification, we detected microspikes (filopodia) ( Fig. 2A,B) , which have been previously described as a typical morphological feature of neural progenitors and young, viable neurospheres from the brain (Fig. 2C,D) . [26] [27] [28] Ultrastructural analysis of spiral ganglion-derived spheres showed pseudopodialike cell processes on cells in the spheres' periphery and plentiful mitochondria in the sphere cells indicative of high proliferative activity of the cell colonies (Fig. 3) . To systematically evaluate the neurosphere assay, which has been previously used to isolate inner ear stem cells, [8] [9] [10] 18, 21, 22 we analyzed the effects of EGF, IGF-1, bFGF, and heparan sulfate on sphere formation alone and in various combinations (Fig. 4) . Sphere formation occurs at a very low level without growth factors. When we tested EGF, IGF-1, and bFGF as single factors, bFGF turned out to be the most potent stimulator of sphere formation. The highest number of spheres could be obtained when using EGF, IGF-1, bFGF, and heparan sulfate in combination. This condition was therefore used for all further sphere isolation experiments.
Analysis of primary sphere diameter, cell number, and volume revealed that small cell colonies appear already 1 day after plating the single cells and that these clusters grow continuously throughout the 7-day culture period (Fig. 5A,D) . After propagation, the second and third sphere generations showed very similar growth characteristics (Fig. 5B-D) .
Spheres develop from proliferating cells and maintain their stem/progenitor cell status after propagation Spheres isolated from the central nervous system or the inner ear arise from proliferating cells and sphere cells express various neural stem/progenitor cell markers. We quantitatively analyzed and compared proliferation activity and marker expression in primary spheres and spheres obtained by repeated propagation (secondary and tertiary spheres). We found robust BrdU incorporation in the nuclei of primary sphere cells (75.7 -0.8%) indicating that these cells underwent cell division during sphere formation in the neurosphere assay (Fig. 6A,G) . The detection of Ki-67 expression, a marker for cell proliferation, in 4.7 -0.4% of the primary sphere cells is a further indication of their proliferative activity (Fig. 6D,H) . A significant number of primary sphere cells expressed the neural stem cell marker nestin (85.8 -3.7%) (Fig. 7A,B,E) . To find out whether spheres maintain their stem/progenitor cell status and proliferative activity after propagation, we analyzed the secondary and tertiary sphere generation. Secondary and tertiary spheres also showed significant proliferative activity as indicated by BrdU incorporation (38.2 -1.6% and 10.4 -4.3% of the sphere cells) (Fig.  6B,C,G) and Ki-67 expression (3.1 -0.2% and 2.6 -0.7% of the sphere cells) (Fig. 6E,F,H) . Likewise, propagated spheres seem to keep their stem/progenitor cell status since we detected robust expression of nestin in the sphere cells (54.3 -2.2% of the secondary sphere cells, 42.0 -6.1% of the tertiary sphere cells) (Fig. 7C-E) . Sphere-derived differentiated cells not only express neuronal and glial markers but also acquire ultrastructural properties of neurons and glial cells It has been shown previously that spiral ganglion-derived spheres have the potential to differentiate into cells that express the neuronal markers TUJ and NF-M and the glial cell marker GFAP. [8] [9] [10] These studies suggest that specific culture conditions can promote sphere differentiation and lead to the acquisition of a mature neuronal or glial immunophenotype. Our data corroborate these findings: when we transferred floating spheres to gelatin-coated plates with media containing BDNF and NT-3, spheres attached, flattened, and started to differentiate (Fig. 8A , Supplementary Movie S1). After a 10-day differentiation period we found 1.9 -0.2% MAP-2-expressing cells and 13.1 -4.2% GFAPexpressing cells in sphere-derived cell colonies (Fig. 8B,  C) . MAP-2 is a stringent marker of neurons in the central nervous system, but has also been shown to be expressed in the perikarya and neurites of spiral ganglion neurons. 30 To find out whether the neurons and glial cells differentiated from spiral ganglion sphere cells that were newly created after culture, we added BrdU for 48 h during sphere generation. When we analyzed differentiated cell populations deriving from these spheres, we observed nuclear BrdU incorporation in MAP-2-expressing neuron-like cells (Fig. 8D) and GFAPexpressing glia-like cells (Fig. 8E) . This finding indicates that neurons and glia cells developed from dividing progenitors in vitro.
Our data raised the question whether these differentiated cells also acquired the distinct morphological features of neurons and glia cells. We therefore analyzed differentiated cell populations by scanning electron microscopy ( Fig. 9A-C) . Our ultrastructural analysis revealed the presence of neuronlike cells with outgrowth of cellular processes that appeared to be neurites. These neuron-like cells were typically surrounded by glia-like cells with a flat morphology (Fig. 9A ).
In addition, spiral ganglion stem cell-derived neuron-like cells formed various types of cellular contacts indicating a close cell-cell interaction (Fig. 9B,C) . Our findings provide evidence that mature cells differentiated from spiral ganglion spheres in vitro not only express mature neural markers but also develop specific morphological features of mature spiral ganglion cells. Interestingly, cell differentiation only occurred when we plated whole spheres on a substrate. Differentiation of dissociated sphere cells, a commonly used method for differentiation of brain-derived neurospheres, was not possible because most cells died after a few days.
Discussion
More than 20 years ago, Reynolds and Weiss 31 introduced the neurosphere assay, a defined serum-free suspension culture technique, as a tool to isolate neural stem cells from the brain.
A large number of studies have since used this method to characterize neural stem cells and to show their distinct ability to proliferate, self-renew, and differentiate into the major cell types of the central nervous system (for review, see Rietze and Reynolds 26 ). Cells with similar features occur in the mammalian inner ear. 8, 13, 21 This is also true for the spiral ganglion which harbors multipotent stem cells that divide, form neurospheres, and differentiate into neurons and glial cells. [9] [10] [11] [12] In this study, we present an in-depth characterization of stem cells derived from the early postnatal spiral ganglion using immunohistochemical and ultrastructural methods as well as time-lapse live cell imaging. We were especially interested in the features of propagated spheres and those of cells differentiated from spheres as a way to extend and refine previous studies that focused on the characteristics of these stem cells. [8] [9] [10] [11] [12] Re-evaluation of the modified neurosphere assay that has been used in recent years to isolate inner ear stem   FIG. 4 . Isolation of spheres from the spiral ganglion of early postnatal mice. Quantification of floating cell colonies with a maximum diameter ‡ 40 lm that form from dissociated spiral ganglion cells in the presence of growth factors and without growth factors (vehicle) after 7 days in a nonadherent petri dish. Data are the mean -SD from three independent experiments; **p < 0.01 compared with vehicle (bovine serum albumin [BSA]). bFGF, basic fibroblast growth factor; EGF, epidermal growth factor; IGF-1, insulinlike growth factor-1; HS, heparan sulfate.
FIG. 5. Primary spheres
(A) and propagated spheres (B, C) show similar morphology and growth characteristics. (D) Analysis of the size (maximum diameter), the cell number, and the volume of primary, secondary, and tertiary spheres during a 7-day culture period using the neurosphere assay. After DIV 5 tertiary spheres showed a reduced ability to attach to coated culture dishes, which was required for cell counting. The sphere cell number was therefore only analyzed until DIV 5. Data are the mean -SD from three independent experiments. Scale bar = 100 lm. cells [8] [9] [10] 18, 21, 22 revealed that bFGF was the most potent mitogen for isolation of sphere-forming stem-like cells from the spiral ganglion. This finding might also indicate that bFGF-responsive cells account for the major portion of the stem cell pool that resides in the postnatal spiral ganglion. The spheres that arose from dissociated spiral ganglion cells resembled neurospheres from the brain. The process of sphere formation and the ability to attach to a substrate and to flatten and form a monolayer of differentiating cells were found to be strikingly similar to the behavior of neural stem cells of the brain as compared by time-lapse microscopy. Moreover, we found neurosphere typical microspikes [26] [27] [28] on the surface of spiral ganglion spheres. These actin-rich filopodia serve as cellular antennae and are involved in cell migration and neurite outgrowth. 32 The abundant presence of mitochondria in spiral ganglion sphere cells as demonstrated by electron microscopy has previously been described as a typical attribute of proliferative neurosphere cells isolated from the brain. 33 The secondary and tertiary spheres (obtained by propagation of spheres) not only maintained considerable proliferative activity but also conserved their stem/progenitor cell phenotype. Expression of nestin, a neural stem cell marker expressed in neurospheres from the brain, 29 was maintained in many sphere cells even after repeated propagation/expansion of spheres in vitro. We conclude that spiral ganglion-derived spheres can be maintained and expanded in vitro for use in transplantation studies or for use as a model to screen and evaluate drugs. It was important to test whether spheres maintained their proliferative capacity and stem/progenitor status after propagation because stem/progenitor cells for these studies would be required in sufficient numbers. Our findings corroborate recent data by Lou and colleagues 19 who reported the retention of the progenitor cell phenotype in passaged sphere cultures isolated from the postnatal cochlear epithelium.
When floating spheres are transferred to a substrate that allows adherent cell culture, spheres attach and start to differentiate into mature cell types specific for the organ from which spheres were isolated. We detected MAP-2-positive neuronlike cells and GFAP-positive glia-like cells in the differentiated sphere cell populations. Using a BrdU-incorporation assay, we confirmed that neuronal and glial cell populations were derived from proliferating progenitor cells. The potential of spiral ganglion-derived spheres to differentiate into mature cells that express neuronal and glial markers has been well described in recent studies. [8] [9] [10] [11] [12] We showed here that these cells also acquire characteristic features of cells of the spiral ganglion. The majority of spiral ganglion neurons in the mammalian inner ear have a bipolar morphology with two neurites at the two subtending poles of the neuronal cell body. One neurite extends towards the organ of Corti and the other leads to the brainstem. 34 In deaf patients, a healthy population of bipolar spiral ganglion neurons is believed to be crucial for hearing restoration with cochlear implants because these cells transmit the electrical signals from the electrode to the brain. We therefore screened our spiral ganglion stem cell-derived differentiated cultures using electron microscopy and found neuron-like cells with a bipolar appearance. In most cases, these cells appeared to grow in clusters of cells with a glia-like morphology similar to the microarchitecture in the cochlea, where close neuron-glial interactions are observed. 35 In summary, our study provides a detailed characterization of sphere-forming spiral ganglion stem cells and cell populations differentiated from these cells. We show that spiral ganglion spheres conserve their major characteristics after propagation and that sphere cells give rise to mature cells with the distinct phenotypes of neurons and glial cells. Our data provide a promising vantage point for future experiments focusing on the electrophysiological features of spiral ganglion stem cell-derived neurons to show that they are functioning. The generation of functional neurons from a self-renewing cellular source would offer a highly attractive perspective for future attempts to regenerate neural elements of the inner ear.
